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A B S T R A C T
Excessive emission of greenhouse gases into the atmosphere has resulted in a progressive climate change and
global warming in the past decades. There have been many approaches developed to reduce the emission of
Carbon Dioxide (CO2) into the atmosphere, among which Carbon Capture and Storage (CCS) techniques has been
recognized as the most promising method. This paper provides a deeper insight about the CCS technology where
CO2 is captured and stored in deep geological formations for stabilization of the earth's temperature. Principles
of capturing and storage for a long-term sequestration are also discussed together with the processes, me-
chanisms and interactions induced by supercritical CO2 upon injection into subsurface geological sites.
1. Introduction
Unprecedented changes in the climate system and significant in-
crease of the surface temperature have been reported in the past dec-
ades [1]. Carbon dioxide (CO2), methane (CH4) and nitrous oxide
(N2O), also known as greenhouse gases, have been releasing in the at-
mosphere for decades. They are recognized nowadays as the major
factors behind the undesirable climate change. Burning fossil fuels for
power generation, industrial processes and transportations have led to
the huge increase of CO2 concentration in the atmosphere while agri-
cultural activities and deforestation are the main cause of increase in
the concentration of CH4 and N2O [2].
Many studies were carried out in the past decade to reduce the in-
creasing concentration of CO2 in the atmosphere where several ap-
proaches such as reduction of energy consumption, swapping to fuels
with shorter carbon chains, and capturing and storage of CO2 have been
proposed [3]. It was then appeared that the carbon capture and storage
(CCS) technology can be a promising approach to save the climate by
injecting CO2 into geological formations [3–5]. In fact, if implemented
successfully, the CCS can reduce the concentrations of CO2 to 450 ppm
by 2100 [2].
The concept of CCS was introduced in 1977, when it was suggested
that CO2 could be captured from the coal power plant and injected into
suitable geological formations [6]. The International Energy Agency
has claimed that this technology has the capability to reduce 17% of
global CO2 emission by 2050, and as such the CCS must be part of the
policy in every single country worldwide to mitigate the sever effect of
global warming [3]. A total number of 800 sedimentary basins across
the continents have been determined as a suitable geological site for
CO2 storage [7]. Thus, many CCS projects have been initiated in the
past few years such as CO2SINK, In-Salah, RECOPOL, Sleipner, and
Otway in different countries [8–14]. Among these, Sleipner and In-
Salah are the pioneer CCS projects. Sleipner in Norway was initiated in
1996 to inject CO2 in a saline aquifer with the capacity of 0.9 million
tons per year (Mt/yr). In-Salah, an industrial-scale demonstration CCS
project located in Algeria, was started to test the feasibility of CCS for
re-injection of CO2 into an aquifer with the capacity of 1.2 Mt/year
[15]. CO2SINK, on the other hand, is a research, development, and
demonstration project located at Ketzin, Germany operated by Shell to
inject/monitor CO2 in a deep onshore saline aquifer. RECOPOL (Re-
duction of CO2 emission by the means of CO2 storage in the coal seams
of the Silesian Coal Basin in Poland) is a pilot enhanced coalbed me-
thane recovery (ECBM) project which is known as the first demon-
stration project to analyze economic and technical feasibility of storing
CO2 in the coal seams [16]. Having said that, several CCS projects have
been executed in the past decades and now there are 22 large-scale
ongoing CCS projects worldwide. Three large scale CCS projects have
been launched recently in 2016 and 2017 with the following details
[16]:
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(1) The Tomakomai CCS Demonstration Project started in 2016 by
capturing CO2 from a hydrogen production facility and injecting it
into the near-shore deep geologic formations.
(2) The Illinois Industrial Carbon Capture and Storage Project is the
world's first large-scale bioenergy CCS project started in 2017 to
inject CO2 into a deep saline formation with the scale of 1 Mtpa.
(3) The Petra Nova Carbon Capture Project in Texas with CO2 cap-
turing capacity of 1.4 Mtpa is the world's largest post-combustion
CO2 project initiated in 2017.
Having said that, the CCS technology is still young and requires
more studies to ensure that capturing, transportation, injection and
storage of CO2 can be safely done in subsurface geological formations
without contamination of surface/subsurface resources. In this study,
attempts are made to provide a deeper look into different aspects of CCS
and indicate how CO2 can be safely stored in deep geological forma-
tions for a long period of time.
2. Principles of CO2 capture, storage and monitoring
Technically speaking, the CCS practice involves capturing of carbon
dioxide from power plants, industrial sites and natural gas wells, and
transporting it through pipelines to a favorable geological site for per-
manent storage [3]. There are, however, many parameters, processes
and phenomena included in this practice which must be very carefully
measured, recorded and monitored to ensure that injected CO2 is re-
mained confined for thousands of years without seeping back to the
surface. In this section, a general overview of the CCS technology is
presented, and further discussions are provided.
2.1. CO2 properties, flow and transport
Selection of a suitable geologic site for CO2 storage depends on
many parameters including the physical properties of CO2 and its phase
change under different pressure and temperature conditions. In fact,
CO2 can appear in different phases (i.e., gas, liquid, solid, and super-
critical) but during injection in the geological formations located at the
depths greater than 800m, it often appears as a supercritical fluid due
to the significant increase of pressure and temperature [4,17]. The
phase diagram of CO2 is shown in Fig. 1.
The efficiency of CO2 storage in geological media, which is defined
based on the volume of CO2 stored per unit volume [7], enhances with
increasing the density of CO2 and improves the safety of storage due to
the reduction of the buoyancy force. The controlling factors associated
with the variation of CO2 density are geological conditions and geo-
chemical interactions. For instance, the density of CO2 may increase or
decrease significantly with depth, depending on the temperature
gradient [18,19]. Thus, cold sedimentary basins with a low temperature
gradient would be a better choice for CO2 storage [3]. Another factor
related to the density of CO2, particularly in depleted gas reservoirs, is
the contamination induced by the mixing of CO2 with methane (CH4),
which may reduce the density and the storage safety [20].
Solubility of CO2 in water and their interfacial tension are other
important factors during and after injection, which control the storage
mechanisms. However, both of them often increase with pressure and
decrease with the elevation of temperature [3,21,22].
Thus, once injected into deep geological formations, the primary
flow and transport mechanisms that control the migration of CO2 in-
clude [23]:
(1) Fluid flow in the porous media with respect to the pressure gra-
dient;
(2) Fluid flow as a result of natural hydraulic gradients;
(3) Buoyancy pressure initiated due to the differences between the
density of CO2 and the formation fluids;
(4) Diffusion;
(5) Dispersion and fingering because of the reservoir heterogeneities
and mobility contrast between CO2 and formation fluids;
(6) CO2 dissolution into the resident fluid;
(7) Mineralization;
(8) Phase trapping;
(9) Adsorption of CO2 by the organic materials.
2.2. CO2 capture and separation
During combustion, CO2 is generated and can be captured by em-
ploying an appropriate removal process. There are various CO2 cap-
turing technologies but they generally increase the cost of a CCS project
by 70–80%. As such, more studies should be done to reduce the op-
erational cost and energy penalty of CCS practices [24]. Technically,
four main technological options are available for CO2 capturing from
large point sources such as fossil fuel power plants. These technological
options include post-combustion, pre-combustion, oxy-fueling, and
capturing from the industrial processes (e.g., oil refineries, biogas
sweetening and production of ammonia, cement, iron and steel)
[25,26], as shown in Fig. 2.
Generally, the post-combustion technology can only be used for the
exhaust gas with a low CO2 concentration (4–14% v/v) which limits the
application of this capturing method. It can, however, extract highly
pure CO2 for enhanced oil recovery, urea production and the food/
beverage industries. To date, several gas separation technologies have
been investigated to improve the post-combustion capture including: a)
absorption, b) adsorption, c) cryogenic distillation, and d) membrane
separation [25,27,28]. Comparatively, membranes (i.e., thin semi-
permeable barriers) are increasingly used for the projects dealing with
large flows, high CO2 contents, or those in remote locations [29]. In the
pre-combustion capture systems, on the other hand, fuel is converted by
oxygen or steam to get a mixture of H2 and CO2. CO2 can then be de-
tached from H2 and send for storage. A key benefit of this method is the
high concentration of CO2 in the output stream. In the oxy-fuel com-
bustion, pure oxygen is obtained from a cryogenic air separation or
membranes. The products upon combustion are basically CO2 and H2O,
which are separated by condensing water [30]. Mitsubishi Heavy In-
dustries, Ltd. (MHI) has supplied four CO2 capture plants of commercial
scale to recover CO2 from flue gas in the chemical and fertilizer in-
dustries. For instance, CO2 recovery plant [30] with a CO2 recovery of
200 tones/day was installed in 1999 in Malaysia. Another CO2 recovery
plant in Japan with a capacity of 330 tones/day was started to operate
in 2005. CO2 recovery plants with the capacity of 450 tones/day, linked
with urea production facilities, was delivered in 2006 at two different
locations in India [31]. A brief summary of these capturing and se-
paration technologies is given in Table 1.Fig. 1. Phase diagram of CO2.
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2.3. CO2 transport
Generally, there are several ways to transport CO2 to the storage site
after capturing and separation. From the storage site point of view, a
large quantity of CO2 can be transported through pipelines in a cost-
effective way. The cost of this transportation, however, depends on the
operational conditions, onshore and offshore locations and the size and
composition of pipelines [32]. According to IPCC [3], transportation
cost from a source to a site is estimated to be around 1–8 USD/tCO2 per
250 km pipeline. The report released indicated that as long as the dis-
tance between the major source and prospective sedimentary basins is
less than 300 km, transportation may not induce a significant cost on
the CCS projects [3]. During the capturing practice, impurities (e.g., N2,
O2 and Ar) which are often mixed with CO2 may also pose additional
costs on the storage projects and reduce the storage capacity. Hence,
they should be removed before injection [33]. Furthermore, the
moisture of CO2 needs to be separated to reduce corrosions and hy-
dration, which can impose additional costs [34]. Thereafter, CO2 is
compressed in supercritical form with a density of about 900 kgm−3.
CO2 transport in liquid CO2 which appears in supercritical form is more
effective due to its lower density and relatively high pressure drops per
unit of length [30]. Thus, operational cost included in a storage project
must be considered and evaluated at the early stages before initiating
the injection.
2.4. CO2 storage
Storage site selection for a CCS project is initiated by basin and
regional-scale suitability assessments. Only sedimentary basins with oil
and gas reservoirs, deep sandstone and carbonate aquifers, coal beds,
and salt beds are often targeted for a CO2 sequestration practice [7].
Comparatively, active or depleted oil and gas reservoirs and deep
aquifers have been recognized as the best CCS sites for a large-scale
disposal of CO2 [12,20,35–45]. The advantages and disadvantages of
these geologic formations are given in Table 2.
After the basin scale assessment, a preliminary and comprehensive
Fig. 2. CO2 capturing systems (Reproduced from IPCC 2005 with permission).
Table 1
Carbon capture and separations options with application [25].
Capture option Separation technology Method Applications
Pre-conversion Absorption by physical solvent • Selexol, rectisol Power plants (IGCC)
Absorption by chemical
solvents
• Amine-based solvent, e.g. monoethanolamine (MEA) Ammonia production
Adsorption by porous organic
frameworks
• Porous organic frameworks membranes Gas separations
Post-conversion Absorption by chemical
solvents
• Amine-based solvent, e.g. monoethanolamine (MEA), diethanolamine
(DEA), and hindered amine (KS-1)
• Alkaline solvents, e.g. NaOH and Ca(OH)2• Ionic liquids
Power plants; iron and steel industry;
cement industry; oil refineries
Adsorption by solid sorbents • Amine-based solid sorbents No application reported• Alkali earth metal-based solid sorbents, e.g. CaCO3• Alkali metal carbonate solid sorbents, e.g. Na2CO3 and K2CO3• Porous organic frameworks – polymers Power plants
Membrane separation • Polymeric membranes, e.g. polymeric gas permeation membranes Power plants; natural gas sweetening• Inorganic membranes, e.g. zeolites• Hybrid membranes
Cryogenic separation • Cryogenic separation Power plants
Pressure/vacuum swing
adsorption
• Zeolites Power plants; iron and steel industry• Activated carbon
Oxy-fuel combustion Separation of oxygen from air • Oxy-fuel process Power plants; iron and steel industry;
cement industry
• Chemical looping combustion Power plants• Chemical looping reforming Power plants; syngas production and
upgrading
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assessment should be done to evaluate the storage site at the reservoir
scales to understand the key CO2 storage aspects [17,19,46,47] using
experimental, analytical and numerical approaches [17,48–53]. Pre-
vious successful implemented pilot projects such as Jilin, Ordos and
Jingbian can also be considered as a guideline [15]. It should be noted
that the key CO2 storage aspects includes storage capacity [46,54],
injectivity [17,46], trapping mechanisms (i.e., structural, capillary,
dissolution, and mineral) [17,46], and containment [17,46]. Storage
capacity, on this occasion, is defined as the total usable storage volume
of a geological medium. Prediction of the storage capacity in depleted
oil and gas reservoirs is often done by using recoverable reserves, re-
servoir properties and in-situ CO2 characteristics. In the case of CO2-
Enhanced Oil Recovery (EOR), the storage capacity can be determined
more accurately through numerical simulations. For the coal beds,
thickness and CO2 adsorption isotherms, recovery and completion fac-
tors are often considered to determine the theoretical CO2 storage ca-
pacity. Assessment of the storage capacity in deep saline aquifers is not
a straightforward task though, because of different trapping mechan-
isms which might be active simultaneously in the medium at different
rates [55].
Injectivity, on the other hand, is the rate by which the fluid can be
injected into a storage medium without fracturing the caprock [56].
Controlling factors such as porosity, permeability, thickness and het-
erogeneity play important roles to have an effective and favorable in-
jectivity [17,57]. However, the brine displacement influenced by the
heterogeneity level of the storage medium has a significant impact on
the plume migration and storage capacity [58]. Thus, these parameters
are assumed equally important in the storage site selection and mod-
elling of multiphase flows [59,60]. There are, of course, many other
influencing factors related to the depleted gas/oil reservoirs such as
pore throat radius, residual gas/water saturation, residual oil/con-
densate saturation, and injection well types, which may need to be part
of the preliminary assessment for the injectivity potential evaluation
[17,61]. Moreover, CO2 injection may have a significant impact on the
integrity of wells used as an injector due to CO2 dissolution, brine-pH
variation and mineral dissolution/precipitation. These reactions may
change the rock properties around the well and ceases the injectivity
[56].
When planning for CO2 injection, apart from the containment se-
curity and adequate storage volume, the injectivity and storage effi-
ciency of the chosen storage site must be evaluated. Optimization of
these factors is essential to have the highest storage capacity and in-
itiate a cost effective injection operation [16]. However, pressure
buildup during injection in saline aquifers and depleted hydrocarbon
reservoirs can put a limit on the effective geological storage. As such,
injection strategies for the pressure management must be implemented.
Water production to relieve the pressure buildup during CO2 injection is
one of the strategies that can be considered under these circumstances
[62]. However, a disposal option for the produced formation water
might cause geological and regulatory issues when the costs of adding
injection wells or the expense of water disposal is counted [63]. The
number of injection wells may also need to be included in the injection
strategy. For instance, commercial CO2 storage operations with the rate
of 1 MtCO2/year may need one well (Sleipner project) or three wells (In
Salah project).
Trapping mechanism is the third key storage aspect taking place in
the storage site and help to have CO2 confined in the chosen geological
sites. Once occurred, trapping of CO2 mitigates the safety and seepage
issues of CCS projects [64,65]. Depending on the in-situ temperature
and original pressure, CO2 can be stored in a geological medium either
as a gas, liquid or supercritical fluid by: 1) stratigraphic and structural
trapping in the absence of barriers; 2) residual trapping by capillary
forces; 3) dissolution trapping in brine; 4) mineral trapping by pre-
cipitation; 5) adsorption trapping in coal bed seams; and 6) cavern
trapping in mined salt caverns. However, the type of trapping me-
chanism initiated during CO2 storage depends on the rock character-
istics and storage conditions [4]. Comparatively, the capillary trapping
is recognized as a rapid, effective and safe mechanism to immobilized
CO2 in subsurface formations [20]. Fig. 3 demonstrates few of these
trapping mechanisms.
Containment, is the las key storage aspects of CCS technology,
forming by faults and impermeable seals (caprock). It ensure that CO2
stays in the injected formation for a long period of time without en-
tering into other formations, contaminating water resources and see-
page to the surface [66]. The integrity of these seals may, however, be
compromised by the geochemical interactions that may lead to irre-
versible geomechanical changes of the storage sites or its caprock [40].
These changes may create leakage pathways if the injected fluid pres-
sure exceeds the facture initiation pressure of the caprock due to the
reduction of strength. This situation may become far worse in deep
brine aquifers where carbonic acids is generated by the dissolution of
CO2 in brine [67]. As a result, seals and faults evaluations must be done
before, during and after CO2 injection to ensure that they can support
the injected/reservoir pressure for a significant period of time [68].
Containment evaluation in terms of seal capacity and seal geometry
Table 2
Comparison of various types of geological carbon storage sites [44].
Geological medium Advantage Disadvantage
Unminable coal seams • Large capacity• Enhanced methane
Production
• High cost• Not available in all region
Mined salt domes • Custom design• Storage integrity •
High cost
• Not available in all regions
Deep saline aquifers • Large capacity• Widespread availability •
Unknown storage integrity
Active or depleted oil and gas reservoirs • Proven storage integrity• Enhanced hydrocarbon recovery• Established infrastructure
• Not available in all regions• May not be available for immediate injection• Multiphase flow complications associated
with residual hydrocarbon
Fig. 3. A schematic demonstration of structural, residual, dissolution and mi-
neral trappings.
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(lateral continuity and thickness) is another aspect, which must not be
neglected. For instance, capillary entry pressure must always be greater
than the buoyancy force of the maximum produced CO2 column height
[17], as otherwise leakage and migration of CO2 may take place even
during injection. It should be noted that the column height of CO2 is a
function of rock's pore-throat size, wettability, and the interfacial ten-
sion between CO2 and water [68].
2.5. CO2 monitoring for safety
CO2 monitoring during and after injection must be done to ensure
that the injected fluid is migrating into the storage site and remined
confined. In fact, monitoring is a mitigation measure to evaluate the
reservoir behavior during and after injection.
There are many surface and subsurface monitoring techniques de-
veloped so far where crucial measurements such as the rate of injection,
composition and pressure/temperature variation are recorded on the
surface. Downhole pressure/temperature measurements in the injec-
tion/observatory wells are also used to tune the reservoir models and
predict the maximum injection rate along with the storage capacity
[69]. Time lapse (4-D) seismic measurements appeared to be a reliable
approach in the offshore industrial scale projects of Sleipner and
Snøhvit, for the assessment of CO2 plume migration [70]. Gravimetry
might also be useful in giving complementary information on CO2 in-
situ density and dissolution rates in the formation water, if seismic data
cannot be acquired due to budget limitations [71]. Geochemical mon-
itoring techniques using non-reactive and reactive tracers might be
another good means to quantitatively characterize the physical and
geochemical changes at the field scale but they are often not as much
practical as the seismic data [72].
2.6. Economics and safety of CCS
Economic feasibility of CCS is a critical concern that must be con-
sidered based on the technological cost of planning and operation
[73,74]. These costs can be further divided into a number of different
categories including CO2 separation, transportation (typically with
compressors and pipelines) and injection. High CO2 concentration may
also cause health issues and raise the risks of health and safety [75]. A
dense phase CO2 forms an acidic solution in brine which rises corrosion
and degradations issue for the reservoir seals. Supercritical CO2 with
and without impurities needs to be carefully assessed since impurities
may change its physical and transport properties. Moreover, types of
impurity, their combination and quantity may have a severe impact on
the recompression distance, compressor power and pipeline capacity
[76].
3. Summary
Concentration of greenhouse gases in the atmosphere is progres-
sively increasing in the past decades, causing global warming and cli-
mate change. Carbon Dioxide (CO2) injection into geological formations
is one of the promising techniques developed in the past decade to
reduce the amount of CO2 released into the atmosphere. In this paper, a
general overview of an effective mitigation approach known as Carbon
Capture and Storage (CCS) technology was presented. It appeared that a
preliminary assessment at the basin and reservoir scales must be done
to select a suitable storage site at the initial stage of CCS planning. This
would require a comprehensive characterization of the key storage
parameters including capacity, injectivity, trapping mechanisms, and
containment. Monitoring is perhaps the last stage of a successful CCS
project where 4D seismic data are employed to monitor the migration
of the injected fluid into the reservoir as injection progresses.
Acknowledgment
We acknowledge anonymous reviewers for the constructive com-
ments and suggestions to improve the manuscript.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.petlm.2018.12.007.
References
[1] IPCC, Summary for policymakers, in: T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor,
S.K. Allen, J. Boshung, A. Nauels, Y. Xia, V. Bex, P.M. Midgley (Eds.), Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press, Cambridge, UK/New York, NY,
USA, 2013IPCC.
[2] IPCC, Summary for policymakers, in: O. Edenhofer, R. Pichs-Madruga, Y. Sokona,
E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier,
B. Kriemann, J. Savolainen, S. Sclömer, C. von Stechow, T. Zwickel, J.C. Minx
(Eds.), Climate Change 2013: Mitigation of Climate Change. Contribution of
Working Group, III, to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press, Cambridge, UK, and New York,
NY, USA, 2014.
[3] IPCC, IPCC special report on carbon dioxide capture and storage, in: B. Metz, et al.
(Ed.), Prepared by Working Group III of the Intergovernmental Panel on Climate
Change, 2005 (Cambridge, United Kingdom and New York, NY, USA).
[4] S. Bachu, Screening and ranking of hydrocarbon reservoirs for CO2 storage in the
Alberta basin, Canada. In US Department of energy–national energy technology
laboratory, National Conference on Carbon Sequestration, 2001.
[5] S. Bachu, Evaluation of CO2 sequestration capacity in oil and gas reservoirs in the
Western Canada Sedimentary Basin, Alberta Geological Survey, Alberta Energy and
Utilities Board March, vols. 1–77, 2004, pp. 1–77. Alberta, Canada.
[6] C. Marchetti, On geoengineering and the CO2 problem, Climatic Change 1 (1)
(1977) 59–68.
[7] S. Bachu, Screening and ranking of sedimentary basins for sequestration of CO2 in
geological media in response to climate change, Environ. Geol. 44 (3) (2003)
277–289.
[8] T. Dance, Assessment and geological characterisation of the CO2CRC Otway Project
CO2 storage demonstration site: From prefeasibility to injection, Mar. Petrol. Geol.
46 (0) (2013) 251–269.
[9] I.W. Wright, The in Salah gas CO2 storage project, IPTC 2007: International
Petroleum Technology Conference, 2007.
[10] A. Ouellet, T. Bérard, J. Desroches, P. Frykman, P. Welsh, J. Minton, Y. Pamukcu,
S. Hurter, C. Schmidt-Hattenberger, Reservoir geomechanics for assessing con-
tainment in CO2 storage: a case study at Ketzin, Germany, Energy Procedia 4 (2011)
3298–3305.
[11] M. Preisig, J.H. Prévost, Coupled multi-phase thermo-poromechanical effects. Case
study: CO2 injection at in Salah, Algeria, International Journal of Greenhouse Gas
Control 5 (4) (2011) 1055–1064.
[12] C. Boreham, J. Underschultz, L. Stalker, D. Kirste, B. Freifeld, C. Jenkins, J. Ennis-
King, Monitoring of CO2 storage in a depleted natural gas reservoir: Gas geo-
chemistry from the CO2CRC Otway Project, Australia, International Journal of
Greenhouse Gas Control 5 (4) (2011) 1039–1054.
[13] J. Underschultz, C. Boreham, T. Dance, L. Stalker, B. Freifeld, D. Kirste, J. Ennis-
King, CO2 storage in a depleted gas field: An overview of the CO2CRC Otway
Project and initial results, International Journal of Greenhouse Gas Control 5 (4)
(2011) 922–932.
[14] R. Chadwick, P. Zweigel, U. Gregersen, G. Kirby, S. Holloway, P. Johannessen,
Geological reservoir characterization of a CO2 storage site: the Utsira Sand,
Sleipner, northern north Sea, Energy 29 (9) (2004) 1371–1381.
[15] H. Herzog, Lessons learned from CCS demonstration and large pilot projects, An
MIT Energy Initiative Working Paper, MIT Energy Initiative, Massachusetts Institute
of Technology, 2016.
[16] G.C. Institute, The global status of CCS | 2016 summary report, (2016), pp. 9–10.
[17] A. Raza, R. Rezaee, R. Gholami, C.H. Bing, R. Nagarajan, M.A. Hamid, A screening
criterion for selection of suitable CO2 storage sites, J. Nat. Gas Sci. Eng. 28 (2016)
317–327.
[18] J. Ennis-King, L. Paterson, Reservoir engineering issues in the geological disposal of
carbon dioxide, Fifth International Conference on Greenhouse Gas Control
Technologies, Cairns, 2001.
[19] A.R. Kovscek, Screening criteria for CO2 storage in oil reservoirs, Petrol. Sci.
Technol. 20 (7–8) (2002) 841–866.
[20] A. Raza, R. Gholami, R. Rezaee, C.H. Bing, R. Nagarajan, M.A. Hamid, Assessment
of CO2 residual trapping in depleted reservoirs used for geosequestration, J. Nat.
Gas Sci. Eng. 43C (2017) 137–155.
[21] S. Iglauer, Dissolution trapping of carbon dioxide in reservoir formation brine-A
carbon storage mechanism, in: H. Nakajima (Ed.), Mass Transfer, InTech, ijeka,
20112011.
[22] C. Chalbaud, M. Robin, J.M. Lombard, F. Martin, P. Egermann, H. Bertin, Interfacial
tension measurements and wettability evaluation for geological CO2 storage, Adv.
Water Resour. 32 (1) (2009) 98–109.
A. Raza et al. Petroleum xxx (xxxx) xxx–xxx
5
[23] S. Solomon, Criteria for Intermediate Storage of Carbon Dioxide in Geological
Formations, The Bellona Foundation, Oslo, 2006, pp. 1–6.
[24] D.Y. Leung, G. Caramanna, M.M. Maroto-Valer, An overview of current status of
carbon dioxide capture and storage technologies, Renew. Sustain. Energy Rev. 39
(2014) 426–443.
[25] R.M. Cuéllar-Franca, A. Azapagic, Carbon capture, storage and utilisation tech-
nologies: a critical analysis and comparison of their life cycle environmental im-
pacts, Journal of CO2 Utilization 9 (2015) 82–102.
[26] Z. Zhang, T.N. Borhani, M.H. El-Naas, Carbon capture, Exergetic, Energetic and
Environmental Dimensions, Elsevier, 2018, pp. 997–1016.
[27] Z. Zhang, Comparisons of various absorbent effects on carbon dioxide capture in
membrane gas absorption (MGA) process, J. Nat. Gas Sci. Eng. 31 (2016) 589–595.
[28] Y. Yan, Z. Zhang, L. Zhang, J. Wang, J. Li, S. Ju, Modeling of CO2 separation from
flue gas by methyldiethanolamine and 2-(1-Piperazinyl)-Ethylamine in membrane
contactors: effect of gas and liquid parameters, J. Energy Eng. 141 (4) (2014)
04014034.
[29] D. Dortmundt, K. Doshi, Recent Developments in CO2 Removal Membrane
Technology, UOP LLC, 1999, pp. 1–30.
[30] J. Pires, F. Martins, M. Alvim-Ferraz, M. Simões, Recent developments on carbon
capture and storage: an overview, Chem. Eng. Res. Des. 89 (9) (2011) 1446–1460.
[31] M. Iijima, T. Takashina, K. FUJIKAWA, T. OHISHI, Overview of CO2 Capture and
Storage Technology; an Introduction of MHI's CO2 Recovery Process, (2008).
[32] K. Bennaceur, D. Gielen, T. Kerr, C. Tam, CO2 capture and storage: a key carbon
abatement option, International Energy Agency, OECD Publishing, Paris, 2008, pp.
81–107, https://doi.org/10.1787/9789264041417-en.
[33] J. Wang, D. Ryan, E.J. Anthony, N. Wildgust, T. Aiken, Effects of impurities on CO2
transport, injection and storage, Energy Procedia 4 (0) (2011) 3071–3078.
[34] I. Ghg, Improvements in Power Generation with Post-combustion Capture of CO2
Report PH4/33, (Nov. 2004).
[35] H. Shamshiri, B. Jafarpour, Optimization of geologic CO2 storage in heterogeneous
aquifers through improved sweep efficiency, SPE International Conference on CO2
Capture Storage and Utilization, Society of Petroleum Engineers, 2010.
[36] J. Snippe, O. Tucker, CO2 fate comparison for depleted gas field and dipping saline
aquifer, Energy Procedia 63 (0) (2014) 5586–5601.
[37] S. Solomon, G. Bureau-Cauchois, N. Ahmed, J. Aarnes, P. Holtedahl, CO2 storage
capacity assessment of deep saline aquifers in the Mozambique Basin, Energy
Procedia 63 (2014) 5266–5283.
[38] D. Yang, R. Zeng, Y. Zhang, Z. Wang, S. Wang, C. Jin, Numerical simulation of
multiphase flows of CO2 storage in saline aquifers in Daqingzijing oilfield, China,
Clean Technol. Environ. Policy 14 (4) (2012) 609–618.
[39] C.-w. Yu, C.-H. Chiao, L.-T. Hwang, W.-H. Yang, M.-W. Yang, A pilot 3000m Drilling
for characterizing a candidate deep saline aquifer in Western Taiwan, Energy
Procedia 63 (0) (2014) 5071–5082.
[40] A. Raza, R. Gholami, M. Sarmadivaleh, N. Tarom, R. Rezaee, C.H. Bing,
R. Nagarajan, M.A. Hamid, H. Elochukwu, Integrity analysis of CO2 storage sites
concerning geochemical-geomechanical interactions in saline aquifers, J. Nat. Gas
Sci. Eng. 36PA (2016) 224–240.
[41] A. Raza, R. Rezaee, C. Bing, R. Gholami, R. Nagarajan, M. Hamid, CO2 storage in
heterogeneous aquifer: a study on the effect of injection rate and CaCO3 con-
centration, IOP Conference Series: Materials Science and Engineering, IOP
Publishing, 2016.
[42] Y. Le Gallo, P. Couillens, T. Manai, CO2 Sequestration in Depleted Oil or Gas
Reservoirs, Society of Petroleum Engineers, 2002.
[43] M. Godec, V. Kuuskraa, T. Van Leeuwen, L. Stephen Melzer, N. Wildgust, CO2
storage in depleted oil fields: the worldwide potential for carbon dioxide enhanced
oil recovery, Energy Procedia 4 (2011) 2162–2169.
[44] A. Saeedi, R. Rezaee, Effect of residual natural gas saturation on multiphase flow
behaviour during CO2 geo-sequestration in depleted natural gas reservoirs, J.
Petrol. Sci. Eng. 82–83 (0) (2012) 17–26.
[45] A. Raza, R. Gholami, R. Rezaee, V. Rasouli, A.A. Bhatti, C.H. Bing, Suitability of
depleted gas reservoirs for geological CO2 storage: a simulation study, Greenhouse
Gases: Sci. Technol. 0 (0) (2018).
[46] M. Jalil, R. Masoudi, N.B. Darman, M. Othman, Study of the CO2 injection storage
and sequestration in depleted M4 carbonate gas condensate reservoir Malaysia,
Study of the CO2 Injection Storage and Sequestration in Depleted M4 Carbonate Gas
Condensate Reservoir Malaysia, 2012 (Carbon Management Technology
Conference).
[47] R. Masoudi, M. Jalil, D.J. Press, K.-H. Lee, C. Phuat Tan, L. Anis, N.B. Darman,
M. Othman, An integrated reservoir simulation-geomechanical study on feasibility
of CO2 storage in M4 carbonate reservoir, Malaysia, International Petroleum
Technology Conference, 2011 International Petroleum Technology Conference, 15-
17 November, Bangkok, Thailand: International Petroleum Technology Conference.
[48] A.K. Gupta, S.L. Bryant, Analytical Models to Select an Effective Saline Reservoir for
CO2 Storage, SPE Annual Technical Conference and Exhibition, 19-22 September,
Florence, Italy, Society of Petroleum Engineers, 2010, pp. 1–13.
[49] C.-W. Kuo, S.M. Benson, Numerical and analytical study of effects of small scale
heterogeneity on CO2/brine multiphase flow system in horizontal corefloods, Adv.
Water Resour. 79 (0) (2015) 1–17.
[50] M. Zeidouni, M. Pooladi-Darvish, D. Keith, Analytical solution to evaluate salt
precipitation during CO2 injection in saline aquifers, International Journal of
Greenhouse Gas Control 3 (5) (2009) 600–611.
[51] J. Oh, K.-Y. Kim, W.S. Han, T. Kim, J.-C. Kim, E. Park, Experimental and numerical
study on supercritical CO2/brine transport in a fractured rock: implications of mass
transfer, capillary pressure and storage capacity, Adv. Water Resour. 62 (2013)
442–453 Part C(0).
[52] Y. Peysson, L. André, M. Azaroual, Well injectivity during CO2 storage operations in
deep saline aquifers—Part 1: Experimental investigation of drying effects, salt
precipitation and capillary forces, International Journal of Greenhouse Gas Control
22 (0) (2014) 291–300.
[53] A. Al-Menhali, C. Reynolds, P. Lai, B. Niu, N. Nicholls, J. Crawshaw, S. Krevor,
Advanced reservoir characterization for CO2 storage, IPTC 2014: International
Petroleum Technology Conference, 2014.
[54] M.A. Barrufet, A. Bacquet, G. Falcone, Analysis of the storage capacity for CO2
sequestration of a depleted gas condensate reservoir and a saline aquifer, J. Can.
Petrol. Technol. 49 (08) (2010) 23–31.
[55] S. Bachu, D. Bonijoly, J. Bradshaw, R. Burruss, S. Holloway, N.P. Christensen,
O.M. Mathiassen, CO2 storage capacity estimation: Methodology and gaps,
International Journal of Greenhouse Gas Control 1 (4) (2007) 430–443.
[56] A. Raza, R. Rezaee, R. Gholami, V. Rasouli, C.H. Bing, R. Nagarajan, M.A. Hamid,
Injectivity and quantification of capillary trapping for CO2 storage: a review of
influencing parameters, J. Nat. Gas Sci. Eng. 26 (2015) 510–517.
[57] W. Han, K.-Y. Kim, R. Esser, E. Park, B. McPherson, Sensitivity study of simulation
parameters controlling CO2 trapping mechanisms in saline formations, Transport
Porous Media 90 (3) (2011) 807–829.
[58] H. Ott, C.H. Pentland, S. Oedai, CO2–brine displacement in heterogeneous carbo-
nates, International Journal of Greenhouse Gas Control 33 (2015) 135–144.
[59] D. Ito, T. Matsuura, M. kamon, K. Kawada, M. Nishimura, S. Tomita, A. katoh,
K. Akaku, T. Inamori, Y. Yamanouchi, J. Mikami, Reservoir evaluation for the
moebetsu formation at tomakomai candidate site for CCS demonstration project in
Japan, Energy Procedia 37 (0) (2013) 4937–4945.
[60] S.A. Hosseini, H. Lashgari, J.W. Choi, J.-P. Nicot, J. Lu, S.D. Hovorka, Static and
dynamic reservoir modeling for geological CO2 sequestration at Cranfield,
Mississippi, U.S.A, International Journal of Greenhouse Gas Control 18 (0) (2013)
449–462.
[61] A. Raza, R. Gholami, R. Rezaee, C.H. Bing, R. Nagarajan, M.A. Hamid, Preliminary
assessment of CO2 injectivity potential in carbonate storage sites, Petroleum 3 (1)
(2017) 144–154.
[62] D. Wessel-Berg, P. Bergmo, A.-A. Grimstad, J. Stausland, Large scale CO2 storage
with water production, Energy Procedia 63 (2014) 3782–3794.
[63] K. Michael, P.R. Neal, G. Allinson, J. Ennis-King, W. Hou, L. Paterson, S. Sharma,
T. Aiken, Injection strategies for large-scale CO2 storage sites, Energy Procedia 4
(2011) 4267–4274.
[64] S. Iglauer, A. Paluszny, C.H. Pentland, M.J. Blunt, Residual CO2 Imaged With X-Ray
Micro-Tomography, Geophys. Res. Lett. 38 (21) (2011).
[65] R. Juanes, E. Spiteri, F. Orr, M. Blunt, Impact of relative permeability hysteresis on
geological CO2 storage, Water Resour. Res. 42 (12) (2006).
[66] C. Hermanrud, T. Simmenes, O.R. Hansen, O. Eiken, G.M.G. Teige, S. Johansen,
N. Bolaas, H. Marit, H. Hansen, Importance of pressure management in CO2 storage,
Offshore Technology Conference, 6-9 May, Houston, Texas, USA, Offshore
Technology Conference, 2013.
[67] T.A. Buscheck, S.J. Friedmann, Y. Sun, M. Chen, Y. Hao, T.J. Wolery, R.D. Aines,
Active CO2 reservoir management for CO2 capture utilization and storage: An ap-
proach to improve CO2 storage capacity and to reduce risk, Carbon Management
Technology Conference, 7-9 February, Orlando, Florida, USA, Carbon Management
Technology Conference, 2012.
[68] R. Daniel, J. Kaldi, Evaluating seal capacity of caprocks and intraformational bar-
riers for the geosequestration of CO2, Eastern Australasian Basins Symposium (3rd:
2008: Sydney, Australia), Petroleum Exploration Society of Australia, 2008.
[69] C. Cooper, A technical basis for carbon dioxide storage, Energy Procedia 1 (1)
(2009) 1727–1733.
[70] R.A. Chadwick, B.P. Marchant, G.A. Williams, CO2 storage monitoring: leakage
detection and measurement in subsurface volumes from 3D seismic data at Sleipner,
Energy Procedia 63 (2014) 4224–4239.
[71] M. Wipki, A. Ivanova, A. Liebscher, S. Lüth, F. Möller, A. Szizybalski, B. Wiese,
M. Zimmer, Monitoring Concept for CO2 Storage at the Ketzin Pilot Site, Germany –
Post-injection Continuation Towards Transfer of Liability, Energy Procedia 97
(2016) 348–355.
[72] J.M. Matter, M. Stute, J. Hall, K. Mesfin, S.Ó. Snæbjörnsdóttir, S.R. Gislason,
E.H. Oelkers, B. Sigfusson, I. Gunnarsson, E.S. Aradottir, H.A. Alfredsson,
E. Gunnlaugsson, W.S. Broecker, Monitoring permanent CO2 storage by in situ
mineral carbonation using a reactive tracer technique, Energy Procedia 63 (2014)
4180–4185.
[73] H. Herzog, K. Smekens, P. Dadhich, J. Dooley, Y. Fujii, O. Hohmeyer, K. Riahi, Cost
and Economic Potential, (2005).
[74] D. Narita, Economic Optimality of CCS Use: a Resource-economic Model, (2009).
[75] J. Fogarty, M. McCally, Health and safety risks of carbon capture and storage, J.
Am. Med. Assoc. 303 (1) (2010) 67–68.
[76] J.W. Moonis, Safety in Carbon Dioxide Capture, Transportation and Storage, IEA
Greenhouse Gas R & D Programme, 2009.
A. Raza et al. Petroleum xxx (xxxx) xxx–xxx
6
